Abstract: Overactive bladder (OAB) is an age-related syndrome often associated with urinary incontinence. Symptoms of OAB, such as urgency, frequency, and nocturia, can be treated effectively with inhibitors of muscarinic acetylcholine receptors. Antimuscarinic agents promote relaxation of the detrusor muscle and may modulate afferent neuronal signals involved in the regulation of the micturition reflex. Despite the availability of an increasing number of oral antimuscarinic agents, treatment persistence among patients with OAB generally appears to be low. This may be attributed, at least in part, to the common occurrence of anticholinergic adverse effects, such as dry mouth, constipation, and dizziness. Oxybutynin is a well-established antimuscarinic agent that is available in a variety of formulations. Transdermal formulations have been developed to avoid the first-pass hepatic and gastrointestinal drug metabolism responsible for the anticholinergic adverse effects often observed with oral delivery of oxybutynin. Oxybutynin chloride topical gel (OTG) is a formulation of oxybutynin that was approved by the US Food and Drug Administration in January 2009. OTG was the result of a systematic evidence-based effort to develop a formulation that preserves the efficacy of oral oxybutynin formulations while eliminating most of their anticholinergic adverse effects. Additional emphasis was put on creating a transdermal formulation with minimal potential for application-site skin reactions. The formulation and pharmacokinetic properties of OTG are reviewed in the context of recently published efficacy and tolerability data from a large multicenter, placebo-controlled Phase III study.
Introduction
Overactive bladder (OAB) syndrome is characterized by urinary urgency, typically accompanied by frequency and nocturia. 1 OAB is often associated with urinary incontinence, particularly in women. 2, 3 Although it is most common among the elderly, OAB also affects many middle-aged people. 2 The cause of OAB symptoms is poorly understood because of the complexity of the neuronal circuits that control micturition. 4, 5 Antagonism of muscarinic acetylcholine receptors is currently the only clinically proven mechanism of effective OAB treatment, and antimuscarinic agents, which usually are administered orally, are first-line therapy for patients with OAB. 6 Oxybutynin, a tertiary amine with anticholinergic and antispasmodic activities, has been used for more than four decades to treat patients with OAB.
Oxybutynin is a competitive muscarinic receptor antagonist with limited selectivity for M3 muscarinic receptors, 7 which are believed to be the main target in the detrusor muscle of efferent neuronal signals triggering micturition. 5 In addition to promoting submit your manuscript | www.dovepress.com
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Lucente et al detrusor smooth muscle relaxation by blocking local M3 receptors, muscarinic receptor antagonists recently have been suggested to reduce urge sensation by desensitizing afferent neuronal signal transmission from the bladder to the central nervous system. 8, 9 An important limitation of antimuscarinic agents is their association with anticholinergic adverse effects, such as dry mouth, constipation, and blurred vision. 10, 11 These effects are likely a major factor contributing to the poor treatment persistence and medication adherence often observed among patients taking oral antimuscarinics. 12, 13 Clinical studies in patients with OAB demonstrated that various oral formulations of oxybutynin were effective in improving OAB-related symptoms, but caused dry mouth in 17%-87% of study participants who received the drug, with incidences depending on type of formulation, dose, and length of treatment. 14 Oxybutynin chloride topical gel (OTG) is a novel transdermal formulation of oxybutynin that was approved by the US Food and Drug Administration (FDA) in early 2009. 15 Results of a large placebo-controlled Phase III study demonstrated that OTG is efficacious and well tolerated, with low incidences of anticholinergic adverse events and application-site skin reactions. 16 Here, we review the development of OTG, provide previously unpublished data, and discuss its unique formulation and pharmacokinetic properties in the context of available clinical efficacy and tolerability data.
Formulation development
OTG was developed as a transdermal oxybutynin formulation with the following properties: a formulation strength (oxybutynin concentration) and dose volume compatible with an application surface area large enough to ensure full bioavailability of the therapeutic dose and small enough to allow convenient and efficient application; a composition supporting optimal skin tolerability; and pharmacokinetic properties supporting efficacy comparable with that of available oxybutynin formulations with a once-daily application schedule. OTG was formulated to have a pharmacokinetic profile similar or superior to that of the oxybutynin transdermal delivery system (OXY-TDS), an established antimuscarinic treatment that requires twice-weekly application of a patch. 17 A short-term comparative study suggested that OXY-TDS had efficacy similar to that of immediate-release oral oxybutynin but was associated with a significantly lower incidence of dry mouth than the oral formulation. 18 A study in healthy volunteers further showed that the ratio of N-desethyloxybutynin (N-DEO) to oxybutynin plasma exposure levels was approximately 1.3 for OXY-TDS and approximately 4.0 for orally administered extended-release oxybutynin. 19 Subsequently, it was shown that healthy subjects receiving oxybutynin via transdermal delivery had significantly greater saliva production than those who received an oral formulation. 19 An initial in vitro study evaluating different formulations of OTG suggested that skin permeation was not significantly affected by formulation strength (ie, oxybutynin concentration in the gel, Tables 1 and 2 ). Early human studies of OTG evaluating the pharmacokinetic effects of application surface area and formulation strength found that bioavailability generally increased with decreasing formulation strength and increasing application surface area (Table 3 , OG04004, OG04007; Figure 1 ). However, for a given formulation, differences in application surface area had only a modest effect on bioavailability (Table 3, OG03013; Table 4 ). In addition, formulation strength and application surface area had no effect on the mean N-DEO/oxybutynin plasma exposure ratio, which in all relevant studies was consistently 0.9 for single-dose administration of OTG (Table 3 , eg, OG3005, OG4007). Single-dose pharmacokinetics also indicated that 1 g 10% OTG produced plasma exposures of oxybutynin and N-DEO that were similar to those resulting from OXY-TDS at the normal therapeutic dose (3.9 mg/day). Furthermore, mathematical simulations using nonlinear regression models predicted comparable steady-state pharmacokinetic profiles for the two formulations (Unpublished data on file, Watson Laboratories, Salt Lake City, UT). Because 1 g 10% OTG appeared to be the formulation most likely to meet all development objectives for OTG, it was chosen for further pharmacokinetic analysis.
Formulation properties of 10% oxybutynin topical gel
The FDA-approved OTG formulation consists of 10% (w/w) oxybutynin in a semisolid, clear, colorless, and fragrancefree gel that causes no stains on the skin. 15 One gram of OTG, containing 100 mg oxybutynin, is applied once daily to rotating sites on the abdomen, upper arm or shoulder, and thigh. A single dose of OTG amounts to a volume of only 1.14 mL, which is less than a quarter of a teaspoon. The basis of the gel is a hydroalcoholic solvent (a mixture of water and alcohol) that ensures that the gel dries quickly after application without leaving residues. Additional ingredients are hydroxypropyl cellulose as the gelling agent, glycerin as an emollient that gives the gel a pleasant, smooth feel on the skin, and sodium hydroxide to maintain a pH of 6. At this pH, which is within the physiologic pH range of the skin, oxybutynin exists predominantly as an
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Oxybutynin chloride topical gel development for OAB Table 2 unprotonated, lipophilic base. Uncharged oxybutynin is absorbed easily by the stratum corneum, the outermost layer of the epidermis. Skin absorption is further aided by the presence of alcohol in the gel.
Once oxybutynin has been absorbed by the skin, it permeates the epidermis before reaching the capillary system of the dermis, which provides access to the systemic circulation. Passive diffusion through the stratum corneum is believed to be the rate-limiting step during gel-based transdermal delivery of lipophilic drugs. 20 Unpublished pharmacokinetic data show that the release of oxybutynin into the systemic circulation is slow, suggesting that the skin serves as a reservoir from which oxybutynin is released gradually. This reservoir function of the skin is likely responsible for the small peak-to-trough fluctuation in steady-state plasma concentrations of oxybutynin that occurs during once-daily dosing with OTG ( Figure 2A ). Recent single-dose pharmacokinetic studies in healthy adults suggest that the pharmacokinetic profile and bioavailability of oxybutynin are not markedly affected by application of water-based sunscreen before or after OTG application or by taking a shower more than one hour after OTG application. 21 
Clinical efficacy
Although OTG and OXY-TDS have not been compared in a controlled clinical trial, similarly designed placebo-controlled Phase III studies of each formulation suggested that OTG and OXY-TDS have comparable efficacies. 16, 22 A 12-week, double-blind, placebo-controlled Phase III study of OTG enrolled 789 patients with urge or mixed urinary incontinence, many of whom had severe OAB symptoms. The mean number of daily urinary incontinence and nocturia episodes at baseline was 5.4 and 2.5, respectively. On average, patients had 12 micturitions per day, and most patients had voided volumes . 160 mL. The majority of patients (89.2%) were women, and almost two-thirds were younger than 65 years. OTG significantly reduced the number of daily incontinence episodes (mean decrease, -3.0 versus placebo, -2.5; P , 0.0001, Figure 3 ) and daily micturitions (mean decrease, -2.7 versus placebo, -2.0; P = 0.0017) and significantly increased voided volume (mean increase, 21.0 mL versus placebo, 3.8 mL; P = 0.0018). 16 Although changes from baseline in the daily number of nocturia events did not differ significantly between treatments in the total study population, patients younger than 65 years achieved significant decreases Table 4 ); no application-site erythema was observed 
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Oxybutynin chloride topical gel development for OAB OXY-TDS (Table 5) . The low N-DEO plasma concentrations for OTG compared with those for OXY-TDS may be attributable to the presence of ethanol in the OTG formulation. Because ethanol is known to inhibit cytochrome P450 activity, ethanol absorbed by the skin is likely to slow the conversion of oxybutynin to N-DEO by dermal cytochrome P450. Additional pharmacokinetic analyses in healthy volunteers found negligible differences in steady-state exposure levels between various FDA-approved application-site locations. 24 
Safety
Skin tolerability
An important objective of OTG development was the creation of a gel with excellent skin tolerability. OXY-TDS has been shown to be efficacious and associated with low incidences of anticholinergic adverse events, but results of clinical studies in patients with OAB, including a community-based openlabel study, indicated that OXY-TDS can cause pruritus, erythema, and contact dermatitis in a minority of treated patients. 22, 25, 26 Notably, in a placebo-controlled study of OXY-TDS in patients with OAB, application-site pruritus was observed not only in 16.8% of patients who received oxybutynin patches but also in 6.1% of those who received placebo patches. 22 This suggested that skin occlusion, desquamation, and delayed contact sensitization possibly caused by patch materials may be major factors contributing to the relatively high incidence of application-site skin reactions with OXY-TDS. Gel-based formulations, such as OTG, largely exclude the possibility of skin occlusion and desquamation. To minimize the potential for delayed contact sensitization, OTG was formulated to contain no permeation enhancer.
Animal studies in New Zealand White rabbits and albino guinea pigs provided early evidence that OTG has no in nocturia episodes with OTG versus placebo (mean decrease, -0.91 versus -0.72; P = 0.0363).
16
Steady-state pharmacokinetics of OTG versus OXY-TDS
A definitive comparison of the steady-state pharmacokinetic profiles of OTG (1 g, 10% oxybutynin) and OXY-TDS (effective dose, oxybutynin 3.9 mg/day) was conducted in 22 healthy adults aged 18-45 years. 23 According to a two-period randomized crossover design, subjects received OTG for 18 consecutive days followed or preceded by five applications of OXY-TDS every 3.4-4.0 days. The two treatment periods were separated by a washout period of at least two weeks. Blood samples for pharmacokinetic analysis were taken during the last four days of dosing. The two transdermal delivery systems produced concentration-time curves for oxybutynin with similar mean four-day plasma exposures (OTG, 322 ng ⋅ h/mL; OXY-TDS, 313 ng ⋅ h/mL) and mean average concentrations (OTG, 3.35 ng/mL; OXY-TDS, 3.26 ng/mL, Figure 2A , Table 5 ). N-DEO steady-state plasma concentrations were consistently lower with OTG than with OXY-TDS, regardless of when the blood samples were taken ( Figure 2B) propensity to cause skin irritation or delayed contact sensitization (Table 1) . Further evidence was provided by the results of two placebo-controlled dermatologic Phase I studies in healthy volunteers (Table 3) . Mean cumulative skin irritation scores in 41 subjects treated with OTG and placebo on contralateral sites of the back were substantially lower than 50, irrespective of treatment (Table 3, OG0503) . Only scores of 50 or higher are considered evidence of cumulative irritation. 27 Delayed skin sensitization was assessed in 201 adults treated with OTG and placebo using a within-person randomization scheme. After nine applications over a period of three weeks and a subsequent rest period of two weeks, a final challenge application was performed followed by 72 hours of skin assessment. The percentage of subjects with any visible skin reactions at any time of assessment was 7% or lower for OTG and 5.5% or lower for placebo (Table 3, OG05004). In vitro data further showed that OTG does not absorb light at 290-700 nm (Table 1 , ARD-RSR-0779). Therefore, OTG is unlikely to have phototoxic effects on the skin.
Overall, favorable skin tolerability of OTG was also suggested by the results of the Phase III study. 16 Of the 389 patients treated with OTG, 5.4% reported application-site skin reactions adverse events (versus 1.0% for placebo) and 2.1% developed application-site pruritus adverse events (versus 0.8%, placebo; Table 6 ). Application-site skin reactions were given as a reason for treatment discontinuation by three patients (0.8%) in the OTG group and one patient (0.3%) in the placebo group. Few patients experienced application-site erythema, with percentages similar for OTG (1.3% over all visits) and placebo (0.9% over all visits). At the final visit of the study, 97.4% of patients in the OTG group and 98.7% of those in the placebo group were free of erythema. 16 
Anticholinergic adverse effects
Results of the 12-week, placebo-controlled Phase III study suggest that OTG has a low propensity for causing anticholinergic adverse events. 16 Dry mouth was the only treatment-related anticholinergic adverse event that occurred in more than 2% of patients who received OTG and the only one that occurred significantly more often with OTG than with placebo (OTG, 6.9%; placebo, 2.8%; P = 0.006); headache, dizziness, and constipation occurred rarely ( Table 6 ). The overall incidence of dry mouth reported for OTG was 
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Oxybutynin chloride topical gel development for OAB similar to that observed for OXY-TDS in two placebo-controlled Phase III studies 22, 25 and was substantially smaller than that reported for oral oxybutynin in comparable studies. 14 
Health-related quality of life
Improving health-related quality of life (HRQoL) is an important goal of antimuscarinic treatment that requires efficacy and favorable tolerability. Because HRQoL depends highly on patient perception, it is likely to have a strong influence on treatment persistence and medication adherence. OXY-TDS is one of few antimuscarinic treatments demonstrated to promote significant improvement in HRQoL. 10, 26 In the Phase III study, patients completed two questionnaires commonly used to evaluate HRQoL in patients with urinary conditions, ie, the five-item Incontinence Impact Questionnaire and the 10-domain King's Health Questionnaire. Incontinence Impact Questionnaire responses showed that OTG compared with placebo significantly improved total score (P = 0.0005) and emotional health, social relationships, travel, and physical activity scores (P , 0.01). Improvement in HRQoL associated with OTG treatment also was observed with the King's Health Questionnaire. Compared with placebo, OTG had significant positive effects on incontinence impact, symptom severity, role limitations, personal relationships, severity (coping) measures, and sleep/energy (P , 0.05). 28 
Risk of person-to-person transference
Many potential recipients of OTG are elderly people with OAB who may require assistance. Because OTG is absorbed readily by the skin, caregivers who routinely apply the gel to patients with OAB are advised to consider safety precautions, such as avoiding direct contact with the gel, particularly if they are sensitive to anticholinergic agents. A recent pharmacokinetic study investigated the degree of oxybutynin transference from treated to untreated subjects through skin-to-skin contact at the application site. 21 Healthy couples consisting of an untreated and a treated subject performed vigorous 15-minute skin-to-skin contact at the OTG application site one hour after application. The observed degree of transference generally was small, suggesting that the potential for drug transference of clinically relevant doses is small, even under the rigorous, highly unrealistic experimental conditions of the study. In most cases, transference was prevented completely if the application site was covered with clothing during contact. In the few cases in which transference occurred despite clothing, exposure levels were marginal.
21
Conclusion
OTG is a novel transdermal formulation that combines the established efficacy of oxybutynin with a tolerability profile that is unprecedented for this agent and characterized by low incidences of anticholinergic adverse events and applicationsite skin reactions. OTG has a pharmacokinetic profile similar to that of OXY-TDS but produces lower N-DEO plasma concentrations than the patch delivery system. OTG showed little propensity to cause dry mouth, the only treatment-related anticholinergic event that occurred more often with OTG than with placebo in a Phase III study of patients with OAB. The novel gel-based formulation also avoids most of the application-site skin reactions associated with the patch delivery system. Administration of OTG is convenient, given that OTG has a once-daily application schedule, small application volume, and short drying time. Clinically significant person-to-person transference is possible, but only under conditions of vigorous contact that are unlikely to apply to real-life situations. The efficacy, tolerability, and convenience of OTG likely contributed to the significant and wide-ranging improvements in HRQoL reported by patients with OAB in a Phase III study of OTG. In summary, the available pharmacokinetic and clinical evidence suggests that OTG can provide unique benefits to patients with OAB seeking effective antimuscarinic treatment with a minimum of adverse effects. Growing experience in clinical practice will determine whether this prediction is fully borne out. The Open Access Journal of Urology is an international, peer-reviewed, open access journal publishing original research, reports, editorials, reviews and commentaries on all aspects of adult and pediatric urology in the clinic and laboratory including the following topics: Pathology, pathophysiology of urological disease; Investigation and treatment of urological disease; Pharmacology of drugs used for the treatment of urological disease. The manuscript management system is completely online and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www.dovepress.com/testimonials.php to read real quotes from published authors. 
